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The Chirped-Pulse Inverse Free Electron Laser: A Tabletop, High-Gradient
' Vacuum Laser Accelerator '

by
Frederic V. Hartemann, Anthony L. Troha, Hector A. Bald.is

~ Institute for Laser Science and Application, Lawrence Livermore National Laboratory

Abstract
The inverse free-electron laser (IFEL) interaction is studied both theoretically and
numerically in the case where the drive laser intensity approaches the relativistic regime,
and the pulse duration is only a few optical cycles long. We show that by using an
ultrashort, ultrahigh-intensity drive laser pulse, the IFEL interaction bandwidth and
accelerating gradient are increased considerably, thus yielding large energy gains. Using
a chirped pulse and negative dispersion focusing optics allows one to take further
advantage of the laser optical bandwidth and produce a chromatic line focus maximizing
the gradient. The combination of these novel ideas results in a compact vacuum laser
accelerator capable of accelerating picosecond electron bunches with a high gradient
(GeV/m) and very low energy spread. A computer code which takes into account the
three-dimensional nature of the interaction is currently in development and resuits are

expected this Spring.



I. -~ INTRODUCTION

" The inverse free-electron laser (IFEL) intgracﬁon has been proposed as a viable
vacuum laser acceleration process [1, 2]. Pioneering experimental work performed at
Columbia University first d'emqnétratgd" IFEL acceleration [3), and was fbllQWed by
exp.eriments using a nanosecond-duration, GW Cdzl las‘er at Brookhaven National
Laboratory (BNL) [4, 5]. The IFEL is attractive for laser acceleration because the
interaction is mediated in a vacuum, away from boundary conditions, thus allowing for a
relatively large interaction region; in addition, the absence of a plasma as an accelerating
medium [6-11] resolves a number of potential problems, including plasma instabilities,
nonlinear laser propagation, shot-to-shot reproducibility of the plasma,\and the extremely
small accelerating potential well, or ‘‘bucket,”” which characterizes laser-plasma
acceleration schemes [12-15]. Finally, the IFEL wiggler is suitable to provide good
focusing and electron beam optics and transport, thus offering the potential for producing
the high-quality electron beams required for advanced light sources, biomedical
applications, and the Next Linear Collider (NLC). However, one of the fundamental
limitations of this acceleration scheme is the dephasing of the trapped electron with
respect to the drive laser wave: As the electron energy increases, the free-electron laser
(FEL) resonance condition [16, 17] can no longer be maintained, and the electron reaches
a maximum energy given by the FEL interaction bandwidth. This problem can be
addressed in two different ways: either the wiggler period and/or amplitude can be
tapered [4, 18], as successfully demonstrated in a high-efficiency FEL [19], or,
equivalently, the drive laser pulse can be chirped. The latter approach will be discussed

extensively in this paper. Additionally, it should be noted that thus far, IFEL gradients




were comparable to those possible with high-frequency rf systems (roughly up to 100
MeV/m).

By contrast, the main focus of this work is the prelihiﬁaw theoretical and
computational stl_ldy of the IFEL interaction in a different regime, where we consider
ultra-short, TW-class drive laser pulses which are now routinely generated by tabletop
systems using chirped pulse amplification (CPA) [20-22]. For such femtosecond (fs)
laser pulses, the IFEL interaction bandwidth is considerably wider than in the case of
léwer intensity drive pulses with durations in the picosecond-nanosecond range:
Essentially, the well-known FEL resonance condition indicates that when the electron
slips over one laser optical cycle, it also propagates over one wiggler period; thus, for the
femtosecond pulses considered here, the wiggler interaction region is extremely short,
and the IFEL resonance bandwidth is correspondingly wide. This directly translates into
the fact that the electron energy can now vary significantly before the IFEL interaction
detunes and saturates; in addition, the ultrahigh laser pulse intensity yields a high
accelerating gradient. Therefore, the IFEL interaction physics is expected to change
dramatically for broadband (femtosecond) drive laser pulses near the so-called relativistic
intensity regime (>10"7 W/em® for optical wavelengths).

[n this paper, we also show how the use of a chirped laser pulse allows the FEL
resonance condition to be maintained beyond the conventional dephasing limit, thus
further improving the electron energy gain. Again, we note that such laser pulses are
easily produced using the CPA {20-22] technique which has led to the generation of
femtosecond, multi-terawatt optical pulses, with tabletop laser systems operating at

modest energies (in the joule range). We will show that the ultrashort, high-intensity



laser pulses thus generated make it possible to design an IFEL with very high
eccelerating gradien.t_sr (>1GeV/m )? in contrast Awit‘;h ‘the longer pulse ap.proa_ches
previoilsly- considered. In fact, the need to alleviate electron dephasing for vnarrow-band
laser pulses hes motivated the development of period- and amplitude—tapered wigglers
which help maintain res'oeance vthroughout tile IFEL interaction region-[4, 5, 18], an
approach which is similar and complementary to the concept presented here. Another
practical limitation of IFEL accelerators is the diffraction of the drive laser pulse. In the
conventional beam geometry, optical guiding [17] cannot be used because the phase shift
of the IFEL interaction has the opposite sign of the FEL phase shift, which results in the
well-known guiding effect. We suggest how this can be alleviated by taking advantage
of the ultra-wide optical bandwidth of the chirped laser pulse: Negative dispersion
focusing optics can be used to produce a chromatic line focus, where long wavelengths
are focused first, while the shorter wavelengths required to maintain the FEL resonance
condition at higher energies are focused further along the interaction region. The
combination of these novel ideas results in a compact, efficient vacuum laser accelerator,
relying on CPA and the IFEL concept, as illustrated schematically in Fig. 1. Finally, it
will be shown that the accelerating IFEL bucket is very wide compared to plasma-based
laser acceleration schemes [6-11]: We find that for a 1 ps FWHM (full-width at half-
maximum) Gaussian electron bunch, and a 1 cm period wiggler, the IFEL energy spread
is <0.9 %. This is extremely advantageous for a practical laser accelerator, as the device
could be driven by a conventional rf photoinjector [23, 24]. This paper is organized as
follows: in Sec. II, after a brief discussion of the motivation for the chirped-pulse IFEL

concept, we provide a short presentation of the analytical theory of the chirped-pulse



TFEL interaction. In Sec. 1Ii, a simple onée-dimensional computer code is described, as
well as the results of simulations demonstrating the relevance of the IFEL to highv-v
gradient acceleration, and a short discussion of tapering é.nd chirping as means to increase
the IFEL interaction bandwidth. In Sec. IV, a preliminary ray-tracing study of the
aforementioned chromatic line focus is-outlined. Section V focuses on the study of the ‘
chirped-pulse IFEL output energy spectrum, where very low energy spreads are predicted
for picosecond-duration electron bunches produced by a conventional rf system. Finally,

conclusions are drawn in Sec. VL.

II. ONE-DIMENSIONAL CHIRPED-PULSE IFEL THEORY

A brief discussion of this novel vacuum acceleration concept can be given by

considering the well-known FEL resonance condition, A= A4, (1 +Ai) / 2y%, where A is

the drive laser wavelength, A, is the wiggler period, A4,=eB, A, /2zmyc is the

normalized vector potential of the wiggler, and y is the electron energy. It should be
noted that in the above equation, the laser intensity is sufficiently small that its radiation

pressure is negligible; in other words, the normalized vector potential of the laser satisfies

.. 2 . .
the condition A4, =(eE0/a)0muc) <« 1. It is clear that, as the electron energy increases

during the IFEL acceleration process, reson. nce cannot be maintained, thus saturating the
interaction and limiting the energy gain. In particular, the higher the accelerating
gradient, the faster dephasing occurs; however, for ultrashort laser pulses, this is balanced

by the increased interaction bandwidth. To alleviate this problem, it has been proposed to

taper the wiggler amplitude, B, , or the wiggler period, A, [4,5,18]. This approach has

w?




proved extremely successful in the case of FELs, as exemplified by the results obtained
by Orzechowski et al., at Lawrence Livermore National Laboratory (LLNL) [19];
however, one of the key requiréments for the implementation of a tapered wiggier is the
adiabaticity of the tapering, in order to preserve the electron beam quality. Clearly, for
the véry V'intense drive laser pulses necessary for high IFEL gradients, this requirement is
difficult to meet, as the entire IFEL interaction now becomes strongly nonlinear and
nonadiabatic. In contrast, with our technique, the drive laser wavelength, I, decreases as
the electron gains energy, thus maintaining resonance beyond the aforementioned
saturation length. Such chirped, ultrahigh-intensity laser pulses are easily produced using
CPA, and tabletop systems with high repetition rates (20-1000 Hz) are now available
[25-27]. We now present a short theoretical analysis of the chirped-pulse IFEL

interaction. In this analysis, length is measured in units of the central laser wavelength,
1/k, = A,/2x , time in units of the laser frequency, 1/@, , mass in units of m,, and charge
in units of e . For the sake of simplicity, plane waves are considered. Here, the combined
four-potential of the drive laser pulse, A, (¢), and the wiggler magnetic field, A (z), is

given by
Ay:(gpﬁAL’A:)’ gDZA: :0’ AL(x,u)zA{(¢)+A1v(z)> (1)

where we have introduced the phase of the traveling laser wave, ¢ =k x* =f—z. The
corresponding electromagnetic field components are

0A, __dA,
* ot dp’

Bi=VxAL=§x(El+d7A‘—"-].




Neglecting radiation reaction [28-30], the Lorentz force equation governs the evolution
of the electron four velocity, v, = dx, / dt , where 7 is the electron proper time, which, in

our units, corresponds to the energy—momentum four vector. We thus have, for the

transverse motion,

du - dA, dA.,
- -"—'_(yE_L_{-Zu:XBJ.)z(y—u: —C—f—¢_[-+u: dZ 2 (3)

dr

where we recognize the light-cone variable, x =d¢/dr =y —u_. Equation (3) can be
readily integrated to yield the transverse momentum invariant: u, = A, (¢)+ A, (z) [16,

17]. The evolution of the electron energy and axial momentum are given by

d—yz_ul }Z'J_::-l—(leE +Aw-dA{ » (4)
dr - 2 d¢ deg
and
dA’ 2 )
BB, =2 B 2By g S 5)
dr - 2dg 2 dz dz do

where we recognize the laser radiation pressure (ponderomotive potential) dA? / d¢, and
the IFEL interaction terms, involving the nonlinear product of the laser and wiggler
vector potentials. In the éase of a helically polarized wiggler with constant amplitude,
dA? [dz is identically zero. The IFEL acceleration gradient scaling is given by

dy _dyde A, da
dz drde u. d¢’

(6)




thus indicating that high acceleration gradients can be obtained by using ultrahigh-
ihtensity drive laser pulses, where both the normalized laser and wiggler vector potentials
approach unity. The equation governing the evolution of the light-cone variable is

obtained by subtracting the axial force equation from the energy equation, to yield

dxe d dA,
E:;(y—uz)z—u_L-El-}-llJ_xBl=ul- 7 . (7)

Using the result obtained for the transverse momentum, and for a helical wiggler, Eq. (7)

reduces to

dK_A dA

GK _ o 90 8
dr ' dz ®)

This equation is particularly simple, and it indicates that if either the wiggler or the laser
field is zero, the light-cone variable is invariant. The axial momentum and energy can

now be expressed in terms of the light-cone variable as

1+A” +x° 1+ A% —x?2
p=—t ey =T 9)

2K 2k

-

Since lim |Af(¢)| and lim lAw(z)| , it is clear that the electron will have a net energy
P—rt0 i =)

gain only if the light-cone variable is larger at the end of the interaction. We also note
that, during the interaction, the energy can be increased locally by the laser radiation
pressure or the IFEL interaction [29]. This so-called ‘‘ponderomotive’ acceleration
process [29, 31, 32] has been proposed as a laser acceleration scheme; however, a viable
concept for the extraction of the accelerated electrons from the laser pulse proves

extremely difficult to envision: The termination of the interaction necessarily involves a




boundary condition which modifies the . laser pulse characteristics .and it completely
degrades the accelerated electron beam quality. It proves useful to consider the electron

phase in the laser pulse as the independent variable; in this case, we have

dx der, [ (x )]_Af dA,

dqﬁ dr d¢ dr Kk dz
and the electron position is given by
(w) an
(w)

Because we are considering ultrashort chirped drive laser pulses, nonlinear slippage must
be taken into account, as well as the diffraction (Rayleigh) length of the focused laser
pulse. The nonlinear slippage length is given by the z component of Eq. (11). For such
pulses; the slippage length can be much longer than the laser pulse itself, thus allowing
long electron bunches to interact in the IFEL. This effect is discussed and demonstrated

numerically in Sec. V.

III. CHIRPED-PULSE IFEL COMPUTER SIMULATIONS

Based on the theoretical model described above, we have developed a simple,
one-dimensional, Yonlinear computer code which follows the evolution of the light-cone
variable as a function of the electron phase within the drive laser pulse. This one-
dimensional analysis gives an adequate first-order description of the IFEL interaction
physics provided that the drive laser pulse can be modeled by a plane wave, which

implies a large f number and a long Rayleigh range, and as long as the IFEL electron



trajectories are confined to a region where the transverse gradient of the wiggler and laser
fields are small. Three-dimensional effects will be studied using a more sophisticated
interaction code, currently under development. Specifically, the vector potential of the

laser is modeled by a circularly polarized plane wave with a linear chirp, «,
A (9)= A2(@)| &sin(p+ap’ )+ jcos(p+ap’)]. (12)

The pulse envelope is chosen as g(¢)=sin’[¢/Ag], which closely approximates a
Gaussian near the maximum, and has a finite duration. Here, A¢ is the pulse FWHM,
measured in units of 1/@, , and 4, is the amplitude of the laser pulse measured in units of

myc/e. The helical wiggler field is simply given by
A,(z)=A,[ &sin(k,z)+ Pcos(k,z) ], (13)

where the wiggler wave number is given in the units chosen here by k,=1,/4,. The

¢
position of the electron in the wiggler is given by Eq. (11) as z(¢) = J.L[__(y/)/i{'(l//)d;l/.

aQ
Finally, in order to increase the accuracy of the code, a second-order Runge-Kutta
algorithm is used; for this purpose, we evaluate the second-order derivative of the light-

cone variable with respect to phase,

Tr LA g ®(aa) ] (14
d¢® «| d¢ dz deg d¢




The accuracy of the code is verified by comparing two different values of the energy,

namely,
. 1 [ 1dAlw) dA, ()
10 =90+ [ LA s ). By s
and | |
y(§) = 1 +ui (9) +u2(9) . (16)

The relative numerical error is obtained by dividing the difference between Egs. (15) and
(16) by the average value of the energy. To demonstrate the relevance of the chirped-

pulse IFEL concept, we ran the code for the following parameters: The normalized

vector potential of the drive laser pulse is 4, = 0.2, the pulse duration is 10 fs, the central
laser wavelength is A4, =0.8 um, the wiggler field is B, =2 kG, the wiggler period is
A,=1cm, and the injection energy is y, =65, while the resonant IFEL interaction

energy is 7 =80. The results are shown in Fig. 2 for both an unchirped laser pulse, and

an optimally chirped laser pulse, where « =0.007 . In the first case, the electron clearly
detunes away from the IFEL resonance, and exits the interaction region with an energy
gain corresponding to an average acceleration gradient of 0.343 GeV/m. This number is
still quite high because we are using an. ultrashort laser pulse with a high focused

intensity: the intensity can be expressed as

I, = [ﬁ) [2—”—@%5—] = (!A-'L] 13.68 GW,
px & 7,




which corresponds to I, =8.55x10'° W/cm® for the parameters given above. At this
point, it is important to understand that attempts to decouple the electron at its peak
energy will result in a severe loss of beam quality. In the second case, however, the IFEL
resonance is maintained throughout the interaction region, and the electron energy now
corresponds tb an avefage gradient of 0.567 GeV/m, or a 65% incre”ase over the
unchirped case. More importantly, in this case, no extraction scheme is required, thus
preserving the accelerated beam quality. The normalized wavelength of the chirped pulse

can be given as a function of the electron position in the interaction region by plotting
1/(1+ag) versus z(¢), as shown in Fig. 3. The relative optical bandwidth of the chirp is

found to be 15%, which corresponds to 120 nm of spectral width. The bandwidth of the
10 fs pulse, including the additional 15% chirp, is, therefore, approximately 200 nm, or 5
fs transform-limited duration. This value has been demonstrated experimentally for
Ti:Al; O; systems [33, 34]. The code has also been used to model a tapered wiggler
IFEL; we find that using the same parameters, but without a chirped laser pulse, results in
a similar gradient. This gradient is possible with an increase of the wiggler period from 1
to 1.3 cm over four periods because of the inherently large bandwidth of the 10 fs drive
laser pulse; the amplitude of the wiggler remains constant over the interaction region.
Therefore, tapering and chirping should be considered as complementary means to
improve the IFEL gradient; both methods will be combined in a proof-of-principle
experimental design. The parameters discussed above can be translated into experimental

parameters by assuming a long cylindrical focus for the drive laser pulse: Using a
Rayleigh range z, =7r(w§//in)=2 cm, the focal waist is w, =714 um. The

corresponding peak laser power is £, =/ww; =/ Az, =13.7 TW, and the laser pulse



energy takes the modest value of W, = F, At =137 mlJ ; this is considerably lower than the

tens of joules commonly used in conventional rf systems to power accelerating sectioﬁs
of a few tens of mega-electron-volts. In fact, it is interesting to compare the energy in the
drive laser pulse to the kinetic energy acquired by a 1 nC electron bunch in the IFEL: We
find that the enefgy transfefred to the beam is 22.7ml, or 16.6% of thé laser energy. This
shows that the IFEL can be significantly loaded, which is key to efficient acceleration. It

is also interesting to evaluate the radius of the electron trajectory in the helical wiggler:

we have k, =u fu <A4,[y,, and the wiggler parameter A4,=0.18; therefore,

r, =44 um <« w,, and the one-dimensional model should appropriately describe the
IFEL interaction. Clearly, this represents a worst-case scenario, as a linearly polarized
laser and wiggler and a slab focus could be used; in addition, it is important to note that
the intensity of the laser along the focal region can be maximized by using an optical
scheme that will provide a chromatic line focus. The long wavelength part of the pulse
will be focused closer to the optics, with the shorter wavelengths focused further down
the propagation axis. This can be accomplished in a number of ways, using either

reflective, refractive, or diffractive optics. An interesting and simple approach is to use a
Fresnel zone plate, which will produce the required d1/dz to match the computer

calculation presented earlier. This approach is expected to relax the drive laser energy

requirement by one order of magnitude.




IV. CHROMATIC LINE FOCUS

We have performed a preliminary ray-tracing study of the chromatic line focus
using OPTICA [35]; the results are illustrated in Fig. 4, where the optical setup is shown
schematically (top), as well as the resulting focal spot position as a function of the
wavelength (bottom). The focusing system consists of a lens pair, including a biconvex
lens made of flint glass, and a plano-concave lens made of crown glass, which is the
opposite of a conventional achromatic doublet [36]. The materials chosen here are zinc
selenide for the flint and BK7 for the crown. The group velocity dispersion (GVD)
introduced by the doublet can be recompensated for in the CPA stretcher, following the
approach pioneered by Barty et al. [25]. The chromatic line focus thus obtained is shown
in Fig. 4 (bottom) and compared to the chirped-pulse IFEL simulation; the results are
well matched to first order, and demonstrate the validity of this approach. The design of
higher-order line focusing optics will be performed in the near future. The Rayleigh
range of this system can be compared to the value chosen in our earlier discussion of
experimental parameters, presented in Sec. III, to indicate the advantage of the chromatic

line focus over a conventional focusing system: The beam diameter used in our OPTICA

runs is d=4 cm, and the focal length of the doublet is f=I1m; this yields a
convergence angle 8 =d/2f = A,/nw, =20 mrad, which translates into a focal spot size

w, =25.4 um and a Rayleigh range equal to 2.54 mm, which is much smaller than the
value of 2 cm required to span the IFEL interaction region. The ratio of the laser energy
required in the case of this chromatic line focus to the previous value is approximately
given by the ratio of the Rayleigh ranges, which corresponds to the ratio of the focus

cross-section: 13% only, or 17.4 mJ; the energy gain is close to one order of magnitude




in this preliminary study. For optical wavelengths, this line focus technique appears to be
easier to implement tﬁan an o?er-moded waveguide, which has been developed an(i
demonstrated at BNL for a 10.6 mm CO, laser [4, 5]; in particular, the chromatic focus
will scale more favorably to the required high intensities for high-gradient IFEL
operation. A number of important issues will be addressed in a more detailed design
study of a chirped-pulse IFEL chromatic line focus, including GVD and B-integral
effects in the (;hromatic focusing doublet. The three-dimensional modeling of the
chromatic line focus for an ultrawideband, high-intensity laser pulse will be achieved by
modifying our paraxial propagator method [37], which includes axial electromagnetic
field components and satisfies the gauge condition exactly. These three-dimensional
field distributions will then be used in conjunction with a relativistic code to ascertain the

stability and quality of the chirped-pulse IFEL acceleration mechanism.

V. CHIRPED-PULSE IFEL ENERGY SPECTRUM

We have performed a detailed study of the acceptance of the IFEL accelerating
bucket. This is shown in Fig. 5, where the IFEL energy gain is given as a function of the
initial position in the wiggler, which is defined as the point where the laser pulse
overtakes the electron [z(¢ :0)]. The periodicity, which is clearly seen, results from
the one-dimensional nature of our model: In the absence of diffraction, the IFEL is
invariant by translation of A,. It is also important to note here that although both the

drive laser pulse and the electron bunch are quite short, the nonlinear IFEL slippage
length is a few centimeters, thus explaining why a picosecond electron bunch can be

accelerated by a femtosecond laser pulse: In the present one-dimensional model, the



phase of the ponderomotive force is determined by the initial electron position in the
wiggler, as defined above; because the IFEL is a fast-wave device, the acceptance of the
accelerating bucket scales with the wiggler period. This should not be confused with the
bunching which occurs at the IFEL resonant wavelength. The width of the energy peak,
in the chirped case, is seen to be approximately 2 mm FWHM. The fact that the IFEL
bucket scale is given by the wiggler period directly results from the fast-wave nature of
the IFEL interaction. This number is extremely large compared to the accelerating
bucket in a laser-plasma system [10-15], which is roughly equal to a tenth of the plasma
wavelength (typically, in the micron range); this number is also compatible with
conventional rf injectors, as is demonstrated in Fig. 6 (bottom). Here, we inject a 1 ps
FWHM Gaussian electron bunch into the IFEL, at the optimum phase (0.2 mm) for
maximum energy gain, as shown in Fig. 6 (top); the output electron energy spectrum is
then computed, and we find nearly 60% of the accelerated charge in a 0.125 MeV bin at
57.8 MeV. This represents an energy spread of <0.2%; furthermore, 90% of the
accelerated charge is found within a 0.5 MeV energy interval, which corresponds to a
spread smaller than 0.9%. The 32.8 MeV, 1 ps electron bunch injected in the IFEL could
be produced by an X-band plane wave transformer linac (PWT) very similar to that
currently developed by DULY Research, Incorporated [23, 24]. We also note that the
IFEL resonance condition indicates that high-energy (tera-electron-volt) scaling is

possible, at least in principle: Assuming that the wiggler magnetic field scales linearly
with the wiggler wavelength, and using a value of y =2 kG/cm for the scaling, which is

easily achievable with current technology, the resonance condition can be recast as

¥~ (l‘,/i*)m , where the length scale 1" = [27[(20/r0)m0 /Eozz]'ﬁ =3.4066 mm ; here




r, =2.8178x10™"° m, is the classical electron radius, and we have used A, =800 nm.

For A,=1m, the resonant IFEL energy is 0.754 TeV. Naturally, parasitic effects, such

as synchrotron radiation losses, must be taken into account to further assess the high-
energy scalability of the chirped-pulse IFEL. Finally, in the limit of high energies (giga-

electron-volts—tera-electron-volts) and ulirahigh intensities, well into the relativistic
regime (AO > 1) , the IFEL concept has been studied theoretically by a few authors [38—

42]; their results confirm that a static magnetic field can help dephase the accelerated
electrons with respect to the drive laser pulse, thus yielding net energy gain even in the
case of a plane wave interaction. Furthermore, these studies also show that the reversal
- of the static field allows one to maintain the accelerating gradient, as in an IFEL, and that
for high gradients, the magnetic field should be tapered every half period. This approach,
which closely parallels a tapered wiggler, proves Aifﬁcult to implement in a practical
device, as discussed earlier, but the combination of chirped drive laser pulses, and
wiggler sections of increasing period and field strength might be the right scheme to stage

an IFEL accelerator to high energies.

V1. CONCLUSIONS

In conclusion, we have presented a new concept for high gradient laser
acceleration in vacuum: the chirped-pulse IFEL. ‘The essential idea is to use an
ultrashort (femtosecond), ultrahigh-intensity laser pulse to increase both the IFEL
interaction bandwidth and accelerating gradient, thus yielding large energy gains in a

compact system. In addition, we have shown that the IFEL resonance condition can be




maintained throughout the interaction region by using a chirped drive laser wave, where
the accelerated electron first interacts with the red part of the spectrum, and then
progressively with the blue end of the spectrum as it slips nonlinearly within the phase of
the drive pulse. We have demonstrated the relevance of this concept by using a one-
dimensional nonlinear code indicating that accelerating gradients near 1 GeV/m are
predicted with modest laser and beam parameters, and that the use of a chirped pulse
results in a 65% improvement of the average gradient. In addition, we have performed a
detailed study of the acceptance of the IFEL accelerating bucket and found that it is wider
than the plasma-wakefield accelerating potential well by two to three orders of
magnitude; as a result, picosecond electron bunches can be accelerated with extremely
low energy spread, as opposed to the femtosecond bunches required by most laser-plasma
acceleration schemes [10-15]. Finally, we have suggested how diffraction could be
alleviated by taking advantage of the laser optical bandwidth with negative dispersion
focusing optics to produce a chromatic line focus. The combination of these novel ideas
results in a compact, efficient vacuum laser accelerator. The new techniques that we
have brought to bear on the problem of creating a viable IFEL, a preliminary account of
which was published in Reference [43], have been well-received in the literature [44]. A
patent application for the chirped-pulse IFEL scheme has been filed through Lawrence
Livermore National Laboratory. Current work includes the development of a fully three-
dimensional interaction code, and extensive ray tracing and design of the negative
dispersion focusing optics required to produce a line focus with the appropriate geometry
for chirped-pulse IFEL acceleration, as well as a detailed design study of the wiggler

interaction region and electron beam optics.
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Figure Captions

FIG. 1. Top: schematic of the chirped-pulse IFEL acceleration concept. Bottom:
schematic of the negative dispersion, chromatic line focus.

FIG. 2. Electron normalized energy as a function of its phase within the drive laser pulse.
A4,=02,10fsFWHM, A4, =08 um, B, =2kG, 4,=1cm, y, =65.

FIG. 3. Normalized chirped-pulse wavelength as a function of position in the interaction
region.

FIG. 4. Optica ray-tracing results for a chromatic line focus; details are given in the text.
FIG. 5. IFEL energy gain versus initial electron position in the wiggler.

FIG. 6. Top: initiu: electron bunch charge density and IFEL energy gain as a function of
the initial posii.on. Bottom: IFEL output energy spectrum for a 1 ps FWHM Gaussian

electron bunch injected at the optimum phase angle; the other parameters are the same as
in Fig. 2.




= 4
-
-
f=11
3
=
i
3% e Resonant IFEL
Wavelengtn
z
Chirped Lassr Pulss
) . Wiggler
Chiomatis © OI2CTOD E.Hgam
Feeusing %‘ —_—
Optcs { aoeanol
—" Rt Bhye
Line Focss
Figure 1
ro e
140 _:" \‘\ /f:g—_cm
> f b /
2100 ! (
2 AN
L { P —
z 90 - ;o -~
g . 7 Lnchepes
2
2 80 - /
] /;jr
70 . //.»‘
80 - ’
o 5 10 18 20 25
Eleclron Phase

Figure 2



1.05

B

RN

3’;&95 - .

Ex)

3 \”\.\_

5 08} -

E \—“'_""-\_._,

2085 i —

2

0.8
o 201 002 003 004

Acdal Position {m}
Figure 3

Wavelergth (nm)
~
g 8 B

~
&

N
\Ray Traring
Chirpsr Fnlsg\\\"‘
| {FEL Sirralation ‘*‘\\;:‘.\
\\
e i 1

0 001 002 003 .04 Q.05

Focal Pesiticn ()

Figure 4

0.05




izl Position (mm)

Figure 5

e

Unegl Ausuagy athimyn young

«“@
=]

b
@

=
(=]

o
(=3

(=]

T

T

K s

7 S

-
4

(2 o =
/ xl..\l..\\u«l.
T
ey
_Mcflllff!l..f
AN e

m.ET;iS e e

o,

",

L L i '\

~ @ n

= 4 2 B
-— b

utegr Afhaugy

1.8
5 4

1.

bl
-

2 04 06 908

ritiai Burch Position {mm}

0

-4 0.2

«
« = © <)

uolaery afveyl) polerBsdy

b e o4 ©

92,8 359 39 421 452 483 514 548

Energy (MeV}

igure 6

F



-

University of California

Lawrence Livermore National Laboratory
Technical Information Department
Livermore, CA 94551




